Introduction
Ion cyclotron range of frequencies (ICRF) heating is an important auxiliary heating method in tokamaks, and it is part of the heating systems on ITER to heat the fusion ions, boost fusion reaction and sustain fusion burn. ICRF has some clear advantages over other heating systems:
the ICRF fast waves can easily penetrate the plasma and can be strongly absorbed; and inexpensive, reliable power sources are readily available.
The power transmitter for ICRF heating is typically a MW-level system with tetrode vacuum tubes as the final power amplifier operating at the frequency range of tens of MHz. The output impedance of the tubes and the characteristic impedance of the transmission line are typically 50 Ω. The radio frequency (RF) power from the transmitter is delivered via a transmission line to the ICRF antenna inside the tokamak. The antenna is essentially radiating current straps, physically quite close to the plasma, and have rather small loading, ~0.1 -10 Ω. The antenna loading also varies (sometimes rapidly) in response to the changes in plasmas. Therefore, a matching network is required between the transmitter and the antenna so that ideally the transmitter would output RF power to an equivalently matched 50 Ω load. Maintaining the antenna matching under varying (especially fast and transient) plasma loading remains an important but not yet fully resolved technical issue for the ICRF community.
Many types of matching networks have been developed on different tokamaks. The conventional approach is to use stubs and phase-shifters (line stretchers) that have mechanically variable lengths. These systems are usually slow and they are not designed to vary during plasma discharge during high RF power operation. As a result, if plasma loading changes rapidly or varies in a large range, the transmitter would be mismatched. Many groups have studied and implemented matching systems that can be used in real-time, including frequency modulation on JET [1] , dielectric liquid stubs on EAST [2] and LHD [3] , ferrite tuners on Alcator C-Mod [4] , EAST [5] and KSTAR [6] . In this paper, we report the recent progress on the implementation and performance of real time fast matching system using ferrite tuners on the Alcator C-Mod tokamak.
Alcator C-Mod [7] is a compact high field tokamak: Bt ≤ 8. ICRF system at ~ 80 MHz heats plasma using the minority heating scenario, i.e., the RF frequency equals to the fundamental cyclotron resonance frequency of the minority H ions.
There are three ICRF antennas on the tokamak, labeled as D-port antenna, E-port antenna and Jport antenna respectively, corresponding to the horizontal ports where the antennas are located.
The D-port and E-port antennas [8, 9] are two-strap antennas, each of which is fed by one 2 MW transmitter and operated at 80.5 and 80 MHz respectively. The J-port antenna is an innovative field aligned (FA) 4-strap antenna, fed by two 2 MW transmitters and operated from 50 − 80
MHz. Further description of the FA J-port antenna can be found here. [10] Prior to year 2008, the matching system on each transmission line consisted of a mechanical stub tuner and a mechanical phase shifter. In Ref. [4] , we reported the successful implementation of a prototypical fast ferrite tuning (FFT) system on the E-port antenna, commissioned in 2009. The real-time matching system included two ferrite tuners and a real-time control computer that was incorporated into the plasma control system. [11] The ferrite tuners used in the prototypical system were not designed for the operational parameters for Alcator C-Mod; instead, they had been designed for a lower frequency, and also the range of variable electrical length was quite limited at 80 MHz. [12] In this paper, we report the successful installation of new matching systems on both D-port and E-port antennas using new ferrite tuners that were designed and manufactured to meet the specifications for the ICRF operation on Alcator C-Mod. We also report the modification on the transmission lines of the FA J-port antenna to improve reliability and the design of a simpler ferrite tuning system for the FA J-port antenna.
The paper is organized as follows: Section 2 describes the new FFT systems on the D-port and E-port antennas; Section 3 shows the performance of the FFT systems; Section 4 describes the performance of the pre-match stubs on the FA J-port antenna and also the design of a real time ferrite tuning system on the FA J-port antenna, followed by Summary in Section 5.
Design of the Fast ferrite tuning system on D and E antennas
An issue at stake for ICRF operation in a tokamak is that the antenna loading varies in time and often the variation in loading can be large and fast. Although the transmitter may be tolerant of a slight mismatch, generally it is not allowed to operate when the mismatch is larger than the threshold that is pre-set for arc detection. Shutting-off the RF power source when a significant mismatch is detected has been mandatary in all the ICRF heating systems. [13] Note that although not all mismatches are caused by real arcs, arcs at high voltage points in the system almost always generate mismatch. As a result, large mismatches caused by loading variation not only limit the transmitter performance at high power, but they can also severely reduce the duty factor of ICRF heating in plasmas. The loss of experimental time can be costly for present-day tokamaks, and in fusion reactors, mismatches should ideally be avoided all the time. Therefore, an ideal ICRF matching system should transform the antenna loading into a steady and stable near-perfect match as seen by the transmitter and should be able to handle the changing antenna loading in real time under nearly all plasma conditions. The matching system should also be able to handle the high RF voltage during high power (and long pulse) operation while at the same time introducing additional RF power losses as small as possible.
Transmission line matching using two or more stubs is a standard RF engineering application.
The system we have implemented on Alcator C-Mod is a three-stub system. The schematic layout is shown in Figure 1 and the picture is shown in Figure 2 . The stub closest to the antenna, Stub-3, has a fixed length, and the other two, Stub-1 and Stub-2, are variable stubs, each of which is a combination of a fixed-length transmission line section and a ferrite tuner. Because Here we discuss the characteristics of the ferrite tuners. The propagation speed of RF waves in a transmission line is determined by the electric permittivity ε and the magnetic permeability µ.
The principle of the ferrite tuners is that the µ of the ferrite tiles inside the tuners can be varied in real time, and as a result, the tuners are capable of following the loading variation of ICRF antennas due to changes in the plasma. In this paper, we use the equivalent electrical length to The operational details of the system can be illustrated on a Smith chart [14] , which is a standard tool for transmission line representation. In Figure 3 , we show a rotated Smith admittance chart During a plasma discharge, the lengths L1 and L2 required to achieve the perfect match are calculated by a Linux-server based real time digital controller, which is integrated into the MDSplus data system for the Alcator C-Mod plasma operation. [15] The layout of the control system is shown in Figure 4 . At the same time when the plasma control system loads the programmed parameters in the so-called INIT-phase of the plasma operation, the real-time ferrite tuner controller reads all the pre-set parameters from the MDS-plus data tree, for example, the response curves of tuner electrical length vs. coil current for each tuner, the location of the directional couplers related to the tuners, the calibration curves for the demodulators measuring One is based on the measurement of ΓDC1 and ΓDC2 (shown in Figure 1 ) and other geometrical parameters. Another set is calculated using the measured coil currents and the calibration curves of the tuner electrical lengths vs. coil currents. This first step helps check whether the tuners are malfunctioning or having a strong nonlinear response at high RF power. Both sets of calculations are stored in the data system. In most cases, the two sets agree with each other within a few centimeters. The next step, the algorithm calculates the lengths L1 and L2 that are required to make ΓDC1 = 0 assuming that ΓDC2 would not change. The solutions can be derived and computed analytically given ΓDC2 and the geometrical parameters of the system. By comparing the solutions with the existing stub lengths, the algorithm then decides how much changes in the coil currents are required and generates required control voltages for power supplies. At the end of the computation process, the control voltages are sent out via the I/O ports of the controller to the ferrite tuner power supplies and then the controller waits for the next computation cycle to begin.
Because the main calculation is more than solving simple linear equations, the computation time can vary from cycle to cycle. Setting a long computation cycle would ensure all computations are done properly, but would also slow down the entire system and possibly become too slow for quick responses when needed. On the other hand, setting a fast computation cycle would render a number of unfinished computations (no change in the control voltages when these happen), again cause some non-responsiveness of the system, and equivalently slow down the system. The time length of the computation cycle is selected after comprehensive tests with simulated data and also then fine-tuned with many plasma shots. In our current setup, the D-port and E-port FFT systems share the same server and the same real-time code, and each computation cycle is chosen to be 0.4 ms. On the other hand, because of the magnetic coils have large inductance, the coil currents cannot be changed instantaneously given the limited capability of the power supplies. As a result, the tuning speed of the entire FFT system is mostly determined by the response time (in the order of ms) of the coil currents.
The FFT real-time controlling system can be viewed as a complicated feedback system. The system would first seek a route to the target, and then lock on the target. After detecting a small deviation from the matching, the controller would generate a response so as to move the matching toward the target within 0.4 ms.When the control system was initially brought online, oscillations were sometimes observed. After a careful study, we determined that these oscillations were due to the errors involving the difference of the actual electrical lengths and the geometrical lengths of the transmission line components. Because of the errors, the solution for the perfect match can be off-target and out of the feedback bandwidth (note that it is a complex two-dimensional problem). The oscillations were only eliminated by carefully adjusting some of the geometrical parameters in the computation, for example, the electrical length of elbows and T-connectors. In the initial operation of the prototypical system reported in Ref. [11 ] , a digital PID (proportional-integral-derivative) scheme was incorporated in the real-time control program in order to avoid any possible oscillations. This scheme was later by-passed because the time constant in the coil current (~ 4 ms from −150 A to +150 A) made the feedback almost always over-damped. After the computation error mentioned above was minimized, the feedback system became very robust. One more consideration to improve the robustness of the feedback is to allow a threshold of being "good-enough": as long as |ΓDC1| < 0.1 (power reflection < 1%), the algorithm would not try to calculate better solutions, and leave the existing settings alone. One other reason behind this 1% threshold is that the antenna loading is subject to continuous fast time scale fluctuations induced by plasma. Further improvement to below 1% reflected power is impractical and it is also unnecessary. The FFT system has been running successfully and robustly for the 2014 campaign, and its performance is discussed in the next section.
Performance of the FFT system on the D-port and E-port antennas
The performance of the ferrite tuning systems is shown in an example plasma discharge in In this discharge, each of the D-port and E-port antennas is able to successfully deliver ~ 1.5
MW to plasma out of the maximum 2 MW available power from each transmitter. Most H-mode discharges in Alcator C-Mod are Enhanced Dα H-mode with no ELMs, and there are not many ELMy H-mode discharges. In Figure 6 , we show the response of the FFT system to an ELM. The rise time of the ELM is about 0.5 ms, and the decay time is several ms. The FFT only detects the ELM after it has risen, and then starts to change the tuner control voltages in response. As shown in the figure, in the entire ELM period the reflected power is up and down twice, but it is maintained at ≤ 10% of the forward power (VSWR ≤ 2) and the match is returned to below 1% in a few computations. As a result, although in general, the FFT system does not have sufficient speed to maintain perfect matching during ELMs, it still alleviates the impact of ELMs, and a load resilient network for the D and E-port antennas is unnecessary. On the other hand, the speed of the FFT system prevents it from matching to an arc.
Figure 6 Time traces during an edge localized mode (ELM). (a). Control voltages for D tuners; (b)Forward and 10 × reflected RF power traces; (c) edge Dα signal showing an ELM.
A second requirement for the FFT system is to minimize the maximum RF voltages (thus Plasma current and density are the two main parameters that affect the antenna loading, and both act via changing the edge electron density profiles in front of the antenna. [17] As a result, the antenna loading varies not only within a plasma discharge, but it also varies discharge by discharge for different plasma parameters. In many tokamaks, the cutoff layer of the fast-wave is inside the last closed flux surface (LCFS), thus the distance from the antenna to the LCFS and the density profile inside the LCFS both play crucial roles in determining the antenna loading. [18] The situation on Alcator C-Mod is generally different because the edge electron density is typically much higher than that in other tokamaks. The fast wave cutoff layer in most plasma discharges is located inside the scrape-off-layer (SOL), and the distance to the antennas is insensitive to the edge density because of the steep density gradient in SOL. For the D-port and E-port antennas and the former 4-strap J-port antenna [8, 9] , the steepness of the edge density profile does affect the loading quite significantly: steep density pedestal in H-mode plasmas reduces the loading compared to that in L-mode plasmas. [17] If we populate the measured Γ of all types of plasmas on a Smith chart, the complex Γ from a fixed location of the unmatched transmission line usually form a cluster with a spread in both magnitude and phase of Γ, indicating that the loading variation has both resistive and capacitive (or inductive)
components. An ideal real-time matching system must be able to handle the entire parameter space.
In Figure 8 and Figure Ferrite tiles are not lossless for RF applications. There are generally two kinds of power loss mechanisms, dubbed as dynamic loss, which can happen at any RF power level, and nonlinear loss, which only happens at very high RF power intensity. [19] In the previous study [4] , we found the evidence of non-linear power loss in the ferrite tuners during high power operation during the first implementation of the tuners without Stub-3, where the circulating RF power inside the tuners was very high. After several iterations of optimization, especially with the careful design and installation of Stub-3, the circulating power in the ferrite tuners at the same net power to the antennas has been significantly lowered. As a result, nonlinear power losses at high RF power intensity have not been observed in the 2014 campaign. However, the dynamic loss, due to re-crystallization of the ferrite material under oscillating RF magnetic field, still
exists. This effect would be stronger when the bias magnetic field pushes the ferrite into the regime that the magnetic hysteresis loop in the magnetization curve becomes non-negligible. By comparing the net RF power as measured on the antenna side and the net power measured on the transmitter side of the FFT system, we believe that the dynamic loss is indeed a potential problem for the ferrite application under some conditions. In Figure 10 , we show the power loss to the tuners vs. the bias coil current of one of the tuners for the E-port system for all the plasma discharges in the 2014 campaign. The power loss is calculated from the difference in the RF net power measured by directional couplers DC1 and DC2, as shown in Figure 1 . There is no directional coupler between the two tuners; therefore the power loss is approximately the total loss in the two tuners. In Figure 10 , a trend is revealed that toward the negative coil current (down to −150 A) of ferrite Tuner 1, presumably at the bias magnetic field is farther away from the ideal operational regime, the RF power losses increase quite significantly (up to 6% ). The coil current of Tuner 2 typically varies within a much smaller range near zero coil current, and no correlation with the power losses has been found. A similar trend also exists on the D-port FFT system that power losses are observed when the tuners are biased at large negative coil currents. At these biasing currents, the ferrite tiles may be operating in the regime of the magnetization curve where hysteresis is not negligible. This observation suggests that the operational parameter space of the ferrite tuners needs to be carefully considered and the cooling capacity for the ferrite tiles may become a crucial limitation if the tuners are to be used in long pulse plasma discharges with high ICRF heating power. For some very high power operation, we may have to sacrifice some matching performance by limiting the coil currents to a narrower range where the ferrite tiles are operating in the low loss regime on the magnetization curve. 
Antenna matching on the field-aligned J antenna
The antenna currently installed on the J port is an innovative field aligned (FA) 4-strap antenna. [10] The antenna straps are rotated to be perpendicular to the magnetic field lines near the edge (designed for the most common plasmas on Alcator C-Mod with Bt0 = 5.4 T and Ip = 1 MA). The antenna shape is also conformed to the typical plasma shape on Alcator C-Mod.
Viewed along field lines in front of the antenna, the antenna structure is uniform and symmetric.
After two experimental campaigns, the antenna has been shown to generate fewer impurities under similar conditions than the traditional D-port and E-port antennas and also better than the former 4-strap J-port antenna, where the antenna straps were vertical and the antenna structure was toroidal. In this Section we discuss the matching system for the FA J-port antenna.
A surprising observation of the FA antenna is the insensitivity of its antenna loading vs. plasma parameters. Although it has very similar configuration of power feeding and decoupling schemes as the former 4-strap antenna on J-port, the new antenna has a much smaller spread in antenna loading, as shown in the spread of Γ in magnitude and phase measured on the unmatched transmission line. This is also true when comparing the FA J-port antenna with the D-port and Eport antennas in the same plasma discharge. In Figure 11 , we show a comparison of the FA J antenna vs. the E antenna in an H-mode plasma with edge localized modes (ELMs). The ELMs suddenly eject plasmas outward and create temporal spikes of the local electron density in front of the antennas. Because the fast wave cutoff layer is moved closer to the antennas with the increased local density, the loadings increase during ELMs. Shown in the measured data, ELMs would induce downward spikes in |Γ| in the unmatched line, which suggests a decrease of VSWR and increased loading. Note that a decrease in |Γ| in the unmatched line does not necessarily mean a better match seen by the transmitter. Figure 11 shows that the changes in both magnitude and phase of Γ for the FA J-port antenna are much smaller compared to those of the E-port antenna. The physics behind this load insensitivity is beyond the scope of this paper. Some discussions can be found in Ref. [20] . The FA J-antenna is fed by two transmitters, and each transmitter is connected to 2 straps while there is decoupling loop separating these two transmission lines.
Therefore, the complex Γ measured on the transmission line cannot be transformed to the antenna impedance in a simple way. A hypothesis is that because of the antenna alignment and symmetry along the field lines, some of the responses to the plasma among the antenna straps may cancel each other. In the coming experimental campaign, we plan to have more voltage and current measurement on the antenna and calculate the antenna impedance matrix. In this paper, we discuss how we successfully utilized the load-tolerance feature to devise a simple antenna matching network for the FA J-port antenna.
There Figure 12 shows the effect of this installation. VSWR in the section of the line is reduced from average 8.9 before the installation to average 2.4 after the installation. This VSWR reduction is equivalent to a reduction of Vmax from 30 kV to 16 kV for 1 MW net RF power.
Because the pre-match stubs are installed close to the antenna, the voltages have been reduced on the main part of the transmission lines all the way back to the transmitter, including the mechanical stub tuners and phase shifters. Together with some minor adjustments on the mechanical stub and phase shifter between plasma discharges, quite reasonable matching can be obtained for most plasma discharges with reduced voltage and power handling issues. In high performance I-mode plasma discharges [21] , where unlike in H-mode plasmas the plasma edge does not have a steep density pedestal, total 3.7 MW RF power has been successfully delivered by the FA J-port antenna alone from the two 2 MW transmitters. An idea to further utilize this feature of loading insensitivity is to install a real-time matching system using a single ferrite tuner plus a fixed stub. Here we show the feasibility of such a system. Note that a ferrite tuner can only change the susceptance B part of the admittance Y = G + jB; therefore, we need to install this ferrite tuner near a location of G = 1 on a Smith chart. We also need to make sure that the spread of the data has the smallest spread in G. With this consideration, the ferrite tuner can then vary B to make B  0 on the transmitter side. The spread of Γ for a large number of different plasma discharges is somewhat larger than that shown in Figure 11 for a single plasma discharge. In Figure 13 , we show the transformation process from Γ on the unmatched transmission line section ΓDC2 to the optimized match at P1,X. Here P2,X is the location on the transmitter side of the pre-match stub. This pre-match stub would be at a different location and have different length than the one presently installed after the system optimization together the ferrite tuner. 
Summary
Fast real-time antenna matching has been accomplished on the two traditional D-port and E-port ICRF antennas on the Alcator C-Mod tokamak using ferrite tuners. The system can achieve and maintain the antenna matching with power reflection below 1% for high RF power and under almost all plasma conditions. Pre-match stubs have been installed on the field-aligned J-port antenna and the medication has improved the reliability of the transmission lines and allowed high power operation of the FA J-port antenna. Design work has also shown that the matching of the FA J-port antenna can be further enhanced by adding a single ferrite tuner on each transmission line.
